LEGIBILITY NOTICE -

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



LOUF 25“1(/’ I’OH/ -
LA-UR--89-2561 h‘ﬂ:- v

DE89 015282 AUG 0 7 1989

Lu. Aldmea Nabunal Laboralory 18 operiatod by the University of Cahforrua for ihe Uniled Stales Dggarument of Energy under conuact W-7405-ENG-36

TITLE Spectroscopy of the Amide-I Modes of Acetanilide

AUTHORIS) Irving J. Bigio, CLS-5
Alwyn C. Scoltil

Department of Mathematics
University of Arizona, Tucson, AZ

Clifford T. Johnston, University of Florida
Guinsville, FL
SUBMITTED TO
NATO Rescarch Workshop on Scelf-Trapping
of Vibrational Energzy in Proieln

Hanatholm Denmark
July 30 = Aupust. b, 1989

This report was prepared as an accoust of work spossored by an ageacy of the Upited Stales

Goveramest. Neither the United Staies Governmes: sor any agescy thereol, nor asy of iheir
employees, makes any warraaty, cxpress or implind, or amames any legal Liability or respoari-
bility for the sccaracy. complet=sem, or wsefulaems of any imformation, apparstus, prodect, or
process disclosed. or represests that its mse would aot infriage privately owned rights. Refer-
eace herea 10 any specific commercial pradact, pro-ess, or service by trade aame, trademark,
and opisioss of asthors expr=msed hercia do ot mocessarily siaie or reflect those of the

mcadation. or favoring by the United Siates Govermment or any agescy thereof. The views
Uniled States Goverament or any sgency thereof.

massfacturer. or otherwise does not mocemarily cosstitste or imply its eadorsemcal, recom-

Hy v eptance of this athe by the pubin? 1 te oghizes (hdt the U S Governmeni ielins 8 nuneadlunve toyally Hee hoense 1o gubhish or reproduce
e pubiishesg frm of s contibiton o (o dlow ol W0 do 3o lut US Guvernment putposes
The Los mlamuy MHabognal L aboatary togquesly (hel the pubhishet nlwmly ey arlicle as wink |m| # M undwr the auspaes of the U 5 Dwparimant ul L nergy

- - e e R s m—a—au me——t — e ——

Los Al; Nati | Laborat
|08 AIGIMAOS L3 Amos NationaLaboratory

O 80 AﬂA_Q TFD DISTRIBUTION OF THIS DOCUMENT I8 UNUMIT:.{


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


SPECTROSCOPY OF THE AMIDE-1 MODES OF ACETANILIDE

Irving. J. Bigio,* Alwyn. C. Scott,’ and Clifford. T. Johnston?

*Los Alamos National Laboratory
Los Alamos, NM 87545

tDepartment of Mathematics
The University of Arizona
Tucson, AZ 85721

#University of Florida
Gainsville, FL 32611

INTRODUCTION

In 1973, Careri published evidence of an "unconventional" amide-1 (CO
stretching) band at 1650 cm-"1 in crystalline acetanilide (CH3CONHCgH5s),
abbreviated ACN.! Following the "soliton” theory of Davydov,2 this band has
been amssigned to a “"self-trappad state” in which CO vibrational energy is
localized near a single ACN molecule through interactions with lattice
phonons.3.4 A complementary "polaron” pictured of this self-trapped state
has been presented recently by Alexander and Krumhansl.6.7

In this contribution best available data are presented of the integrated
intensity of the 1650 cm'! band as a function of temperature. The
experimental procedures and data reduction were highly ngorous and are
believed to be to most reliable data available. A concise theory of polaron states
is presented and used to interpret the data.

SPECTROSCOPIC MEASUREMENTS

In our early experimental work we performed both infrared absorption
spectroscopy and Raman spectroscopy. We soon focused on Raman
spectroscopy, however, for several reasons. For one, it was easier to control
sample temperature since ACN is essentially transparent at the wavelength
of the illumination source. Also, the method itself afforded us an additional
technique for determining the sample temperatuie in the illuminated
volume, by the Stokes/anti-Stokes ratio technique described below. Moreover,
when Raman spectra are taken with oriented single crystal: and with
polarized illumination and detection, more detailed information about the



crystal structure and symmetry of vibrational centers is provided.

The Raman measurements reported here were made on single crystals
of acetanilide prepared as follows. Primary standard grade ACN (N-phenyl-
acetamide), 99.995% pure by assay, wus purified using a multiple-pass zone
refiner. The zone refined material was placed in a glass tube and the vessel
was sealed under vacuum. Single crystals were grown from the melt as the
vessel was lowered through a modified Bridgeman-Stockbarger furnace at a
rate of 2 cm/day; the temperature gradient at the tip of the furnace was
approximately 110 K/cm. The crystal of ACN is [100) tabular; thus cleavage
was nearly perfect parallel to the [100) face and fairly good cleavage was
obtained along the [001] face. The crystals used were, on average, 10 mm
along the y, 4 mm on the z, and 1 mm along the x axis. Single crystals were
cleaved and their orientations were determined using x-ray precession
methods and a cross-polarizing microscope. The crystals were mounted in
an oxygen-free copper cold cell, which enclosed the crystal in an inert
atmosphere (He) to protect it from water vapor and pump oil. The
temperature of Lthe Raman cell was measured using an Au-cromel
thermocouple.

In addition to the thermocouple measurements, the crystal temperature
was determined directly by measuring the Stokes to anti-Stokes ratio of the
intensities for a particular low-frequency mode by scanning over the -200 cm-!
to +200 cm-! region in a single scan with an incident power of the laser below
50 mW. This allowed assessment of the amount of heating within the focal
volume of the laser. Under these conditions lo~al heating of the crystal was
observed to be less than 10 K.
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Fig. 1 Raman spectrum of the amide-1 region of ACN at 21 K. Both the
illumination polarization and the selected observation polarization
were parallel to the crystal x axis.



Raman spectra were obtained on a 3/4-meter double monochromator
(Spex model 1403) interfaced to a Nicolet 1180E computer. The 514.5 nm line of
an argon-ion laser (Spectra Physics Model 171) was used as the exciting line.
An interference filter was used to suppress plasma frequencies and a quartz
crystal wedge was used at the entrance slit of the monochromator as a
polarization scrambler. The accuracy of the frequency measurements was
checked periodically by scanning over the attenuated laser line using a
reduced slit width on the monochromator. Although all data was recorded
digitally, for illustrative purposes a typical low-temperature spectrum is
shown in Fig. 1.

In Table 1 are listed the actual numerical values for measurements of
the intensity (i.e. integrated area) of the Raman line at 1650 cm! for & range of
temperatures. These results are in general agreement with infrared
absorption measurements over the same temperature range.8 The reader
should notice, however, that these data differ somewhat from those in Table
ITI of Ref. 3, which were discussed in detail in Ref. 6. The difference is that
peak intensities were recorded in Ref. 3 while integrated intensities are listed
here. This distinction is important since integrated intensities are what the
theories calculate. The integrated intensities result from fitting Lorentzian
lineshapes to the spectra. Any apparent asymmetry of the lineshape (see
Fig. 1) is actually dealt with properly by accounting for the real contributions
of weaker amide-I features at 1659 ¢cm-! and 1662 cm-1, as well as the tail of
the 1665-cm*! "normal” amide-I feature itself.

Table 1. Normalized integrated Raman intensity
values of the 1650-cm-! band. Temperature
uncertainties are due primarily the the
method for estimating the degree of heating
caused by absorption in the focal volume of the

laser beam.

Temp o Relative Intensity o
21 4 1.00 .016
21 4 996 016
53 4 892 019
&3 4 895 019

100 10 710 .022
100 10 726 .022
149 6 496 .026
149 6 507 025
7 12 356 .028
7 12 346 .028
306 8 170 032
05 8 169 .032




THEORY
The theory presented in this section is taken almost literally from Ref. 9.

As a theoretical model we use a linear coupling (or Fronlich!0)
Hamiltonian operator of the form

-~ ~ ~

HeHo+JV , (1)
where
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The parameters in Egs. (1) - (3) are defined as follows:

J is the nearest neighbor, electromagnetic coupling energy which was
calculated as 4 ecm-! in Ref. 4,

£ is the undressed amide-I vibrational energy,

R 1s the number of ACN molecules in a linear chain,

M is the number of phonon modes coupled to each ACN molecule,
(w) withj=1,2,..M is the set of phonon energies, and

(x;  is the corresponding set of coupling energies.

To begin our analysis, we assume CO vibrational energy to be localized at
a cingle ACN molecule. We do this for two reasons' i) this assumption is
approximately true, and ii) it provides the basis for a perturbation expansion

(in small J) which includes the effects of V to which we shall return later.
Thus we are led to consider the operator

ﬁ-m§’§+ﬁ[m’6f Bg+xj(51+8f)§'§] 4)
jo

where the subscripts, q, have been temporarily dropped for typographical
convenience.

The eigenvalue equation

iy} =Ely) (5)



is satisiied exactly by the eigenvalue-eigenstate pair

where

and w
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here B'B|N)=N|N) and B/bj|m)=m|m}.

At this point, three comments are appropriate:

i)

i1)

1ii)

A

La(*) is an associated Laguerre pol:nomial using the normalization in
Gradshteyn and Ryzhik!l and no! (for example) that in Morse and
Feshbach.12

The expression for |¢;) in Eq. (8) is not new knowledge. It is the number
representation of the displaced Hermite polynomial eigenstate (more
commonly seen in the position representation) that has been emplcyed
in the theory of color centers.13-18

Equation (6) predicts an overtone spectrum that has been observed in
ACN.19 Thus, it is an experimental fact that

M
X .

8 has been pointed out by Alexander and Krur 1ansl,6.7 a correct

calculation of the temperature dependent intensity of th 1650 banc in ACN
follows that for a "zero phonon” band of a color center. This point is made
with particular clarity by Krumhansl in reference.” Thus one seeks the sum

of all transitions from the ground states | rﬂ) to first excited states with mj= n;,

Since the ground states are thermally pop

the de

where

ated with probabilities

Pj = [1 . exp(- :—(;,)1'

exp (— m, '&%) (10)

sired temperature dependence is

M
W(T) ~ i]_'!w, m. (11)



W)= z P; o)) (12)

m,-O

and 1% is calculated from Eq. (8) with nj=m;. Using the identity number

8976 from Gradshteyn and Ryzhik,1! the sum in Eq. (12) is readily
computed to be

W, (T)-exp[ -(%coth EI%J [ (2”] a3)

where I, [*] is the modified Bescel function of the first kind, of order zero.

Returning to our original Hamiltonian, we perform a first order
perturbation calculation as follows. A zero order estimate of an eigenstate
that exhibits the translational symmetry of the model is

o) = —V_Hl__¢g1 exp (ikq)lyg) (14)

where

k:zhﬂ-v (15)

R-1 ~
and v=0.%1, ---vB('-t ) for R even(odd). In Eq. (14), |vq) is calculated
from Eq. (7) and Eq. (8) with N = 1, Then to first order in J the energy is

Ek) = Qo~ ﬁxf/m,+2JH exp (~ 1’ laf) cos k (16)

]-1

A localized solution can be constructed as a wave packet of the eigenstates

approximated in Eq. (14). Thus the linewidth, AE, of such a wave packet must
satisfy the inequality

M 2
- x

AE < 4JTT exp -—L)
- a17)
jm “"2

Finally we note from Eq. (11) and Eq. (13) that

M

W) = 1 oxp (- x?/?) (18)

Thus the same (Franck-Condon) factor that reduces the low-temperature
intensity of the 16.0-cm-1 band also reduces its linewidth, thereby increasing
the lifetime of a localized state.



COMPARISON OF THEORY WITH DATA

In Fig. 2 Raman spectra in the range 20 — 200 crn'! are presented. We
have observed a total of 30 distinct features in the (xx), (yy), and (xy) Raman
spectra between 20 and 200 cm! at 21 K, This is in qualitative agreement with
the data of Gerasimov20 where 27 bands were observed at 113 K. A more
complete analysis of these datn will be presented by one of us (CTJ) in a
forthcoming publication. In the present discussion we consider whether
coupling to these phonor modes can account for the temperature dependence
of the 1657-cm'! band. Ideally we would like to assign an w; and x; in Eq. (2) to
each phonon mode that contributes to self-trapping of the 1650-cm-! band.
Since this is impractical, we assume that each ACN molecule couples to M
phonon modes, all having the identical frequency w; and coupling strength x;.

In other words we view w; and x; as the average frequency and coupling
strength of the M phonon modes that contribute to the self-trapping.

(vy)

W FEY W

(xy)

(xx)

l

__.JJ..«.,..L.-L__A....«__._,.J

A — - | L A
20 50 80 110 140 170 200
Wavenumoer (cm'Y)

Fig. 2. Raman spectra of crystalline acetanilide in the optical phonon region
(20 - 200 cm~1) at 21K in the (a) xx, (b) yy, and (c) xy orientations.



Then, from Eq. (9),

2
X1 4 .
o = Ao (19)

and from Egs. (11) and (13), and expressing w; in wave numbers,

W ’exp [—%coﬂo.hu %L)] I{ﬁﬁ Csc,.,(m]74 %L)] M
W(0) N * onp [_ Zh-}c%] 20)

The solid curve in Fig.3 is plotted from Eq. (20) with M and w; adjusted to
give the least squares fit to thc data. These optimum values are found to be

M = any value 2 12
w1 =71em'L

The effect of varying the parameter M, the number of coupled modes, is
illustrated by Fig. 4 in which Eq. (20) is plotted for a range of M values while

keeping w) constant at 71 cm-l. Thae curves quickly converge after M ~ 8.
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Fig. 3. Data points "o" indicate measurements of relative integrated intensity
of the 1650 em~! line in crystalline acetanilide. The solid curve is
calculated from Eq. (20) with M = 20 and w} = 71 cm-1,
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Fig. 4. Plots of Eq. (20) with different values of M, and for ©; = 71 cm-2.

CONCLUDING COMMENTS

1. We have presented a concise theory of polaron states in crystalline
acetanilide (ACN). Being in the number representation, this theory
complements that developed for color centers,13-13 and it is in agreement with
the point of view expressed recently by Krumhansl and Alexander.6.7

2. We display here (Fig. 1) our bast Raman-spectroscopic measurements of
the relative intensity of the 1650-cm~1 polaron state in ACN as a function of
absolute temperature.

3. We show (Fig. 2) a spectrum of the Raman-active optical phonon modes in
the range between 20 and 206 cm~1. These measurements were made on
carefully prepared single crystals of ACN.

4. We conclude that the data in Fig. 1 are consistent with the assumption of
polaron formation through interactions with a band of 10-20 optical phonun
modes clustered near 72 cm~1. We note that this conclusion is at variance
with Alexander and Krumhansl who suggesté the data require acoustic
phonon modes in addition to the optical mode near 70 cm-! in order te explain
both the temperature dependence and the energy shift of the 1660-cm-! band.
We emphasize that we cannot exclude the possibility that acoustic phonons
participate in the self-trapping, but we assert that they are not necessary to
explain the data.



5. From Eq. (17) our theory predicts a polaron linewidth that is less than
11.5 cm-l. This is consistent with our experimental observations as well as
those of Ref. 3.

6. We note from Eq. (17) that the polaron linewidth is proportional to the
Franck-Condon factor (FCF) as defined in Eq. (18). Thus, as has previously
been suggested,2l one might consider the following scenario: i) An optical
photon excites a polaron, which is seif-trapped by optical-mode phonons.
Since the FCF is relatively large, this localized polaron is unstable. ii) The
unstable polaron relaxes into a wave packet that is self-trapped by acoustic-
mode phonona. From Ei,. (18) this would have a much smaller FCF and from
Eq. (17) a much smaller linewidth and, therefore, greater stability. The final
state, in this scenario, would correspond to the "soliton" proposed by
Davydov.22
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